Hydroxyl (OH) radical is the most important reactive species produced by the plasmaliquid interactions, and the OH in the liquid phase (dissolved OH radical, OHdis) takes effect in many plasma-based applications due to its high reactivity. Therefore, the quantification of the OHdis in the plasma-liquid system is of great importance, and a molecular probe method usually used for the OHdis detection might be applied. Herein we investigate the validity of using the molecular probe method to estimate the [OHdis] in the plasma-liquid system. Dimethyl sulfoxide is used as the molecular probe to estimate the [OHdis] in an air plasma-liquid system, and the partial OHdis is related to the formed formaldehyde (HCHO) which is the OHdis-induced derivative. The analysis indicates that the true concentration of the OHdis should be estimated from the sum of 2 three terms: the formed HCHO, the existing OH scavengers, and the OHdis generated H2O2. The results show that the measured [HCHO] needs to be corrected since the HCHO destruction is not negligible in the plasma-liquid system. We conclude from the results and the analysis that the molecular probe method generally underestimates the [OHdis] in the plasma-liquid system. If one wants to obtain the true concentration of the OHdis in the plasma-liquid system, one needs to know the destruction behavior of the OHdis-induced derivatives, the information of the OH scavengers (such as hydrated electron, atomic hydrogen besides the molecular probe), and also the knowledge of the OHdis generated H2O2.
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Keywords: Hydroxyl radicals; molecular probe; plasma-liquid interactions; dimethyl sulfoxide; formaldehyde Discharge plasma consists of approximately equal number of energetic ions and electrons, and these plasma species can cause a great number of physical and chemical processes when plasma is in contact with a liquid. By exploiting these processes and their derivative highly reactive species, the plasma-liquid system can find applications in many fields such as water treatment [1] [2] [3] , plasma medicine [4, 5] , nanomaterials synthesis [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and food processing [19] [20] [21] . Thereby, it is of great importance to identify and quantify the reactive species in the plasma-liquid interactions, especially for water treatment and plasma medicine in which the treatment efficiency is largely related to the dissolved or transported reactive species. One of the most important reactive species generated by the plasma-liquid interactions is the hydroxyl (OH) radical. Because of its high reactivity (reduction potential of ~2.8 eV), OH radical has a short lifetime and can only reach a very thin layer of the bulk liquid. However, many applications of the plasma-liquid system are mainly or partially based on the dissolved OH radical-induced processes, such as water treatment and plasma medicine. Thus, it is of great significance to quantify the dissolved OH (OHdis) radicals generated in the plasma-liquid system. Previously, the OHdis generated from techniques such as Fenton reaction, UV light irradiation of NO3 − or NO2 − in solution rather than the plasma-liquid system has been quantified by several methods [22] . As OH radicals are highly reactive and have a limited diffusion length in liquid, a direct detection is rather difficult. Therefore, indirect methods have been developed, and one of them is the molecular probe (MP) method. The strategy is to form a long-lived OH-induced derivative by using a molecule to trap or react with OH radicals at first, and then the OHdis is indirectly detected by probing the OH-induced derivative. These derivative detection methods can be performed by electron spin resonance (ESR) spectroscopy [23] , high performance liquid chromatography (HPLC) [24] , and fluoroluminescence (FL) spectroscopy [25] .
In order to obtain correct results, it is worth noting that the used MP should react with the OH with a fast speed and the derivatives must be stable under the attack of highly reactive OH radicals.
Several works [26] [27] [28] [29] [30] [31] have been reported on applying the MP method to detect the OHdis in the plasma-liquid system. However, it is well known that the plasma-liquid system is very complex, and the reactive species generated by the plasma-liquid interactions consist of not only OH radicals, but also energetic ions, hydrated electrons, and atomic hydrogen etc. In these complicated conditions, there might exist other OH consumed sources, and the OH-induced derivatives might not be as stable as in the sole OH environment. Thereby, we must reconsider the validity of the MP method on the OHdis detection in the plasma-liquid system.
When the OH radicals produced by the plasma-liquid interactions enter a liquid containing a MP, they will be consumed quickly within a thin liquid layer by a series of parallel reactions mainly with the MP, existing potential OH scavengers (Si), and OH itself to produce related products of PMP, Pi, and H2O2
→
(1)
The change of OH in solution with respect to time (d[OH]/dt) can be expressed by
.
where GOH is the rate of OH radicals dissolved in the liquid, KMP, KSi, and KH2O2 are the rate constants of OH with MP, the ith OH scavenger, and OH itself (to form H2O2), If the last two terms in Eq. 5 are negligible, and PMP is also stable under the plasma treatment, the total concentration of dissolved OH ([OHdis]) during the plasma-liquid interactions can be obtained by (6) .
These assumptions are used in most of the cases for detection of the OHdis in the plasma-liquid system [26] [27] [28] [29] [30] [31] . But these assumptions might not be valid since there exists various highly reactive species in the plasma-liquid system. In order to verify these assumptions, we design an experiment to inspect the [OHdis] in a plasma-liquid system using the MP method. There exist many MPs for the OHdis detection for the plasma-liquid system, such as 5,5-dimethyl-1-pyrrolineN-oxide [31] , disodium salt of terephthalic acid [26, 32] , terephthalic acid [27, 33, 34] , salicylic acid [35, 36] , and dimethyl sulfoxide (DMSO) [26, 32, 37] . To focus our discussion, we choose one of them, DMSO, which is miscible with water. The DMSO can react with OH to form
OH-induced derivative, formaldehyde (HCHO).
The experimental setup is illustrated in Fig. 1 . The cylinder-like plasma reactor is made from polytetrafluoroethylene (detail parameters of the reactor can be found in Ref. DMSO (>99.8%), HCHO (37%), and acetic acid (≥99%) were purchased from Xilong Scientific Co., Ltd. Ammonium acetate (≥99%) and acetylacetone (≥99.3%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Hantzsch reaction [39] was used for the colorimetric estimation of HCHO concentration. We prepared aqueous solutions which contain ammonium acetate (50 g), acetic acid (6 ml), and acetylacetone (0.5 ml) in 100 ml purified water. Samples (1 ml) of the plasma treated liquid were taken from the beaker in a fixed interval, and then they were mixed with 1 ml the prepared solution. 
.
The produced methanesulfinic acid [41, 42] or formaldehyde [24, 26] Figure   3 shows the relationships between the [HCHO] and the plasma treatment time. We can find that the destruction of HCHO by plasma is roughly linear for [HCHO] is higher than 20 M, and the destruction rate is estimated to be -9.78 M/min. V.V. Kovačević1 et al. found that the HCHO with a concentration of 50 M is stable in water when a dielectric barrier discharge in direct contact with water [37] , while in our case, the HCHO is stable under the plasma treatment as [HCHO]≤20 M. These results imply that plasma-induced destruction of HCHO is a pseudo zero-order reaction, i.e., the third term of Eq. 14 is a constant (k2). Table 3 . [OHdis] is in fact difficult to be evaluated due to the ignorance of the information of existing potential OHdis scavengers and the knowledge of the OHdis-generated H2O2.
Generally, when using other molecular probes such as terephthalic acid and salicylic acid, one will still encounter the aforementioned difficulties. The estimation of [OHdis] by the molecular probe in the plasma-liquid system is usually underestimated due to the complicated reaction environment. One can estimate the [OHdis] related to the OHdis-induced derivatives (used to probe the OHdis), but the concentration of OHdis-induced derivatives might need a correction by considering the destruction of derivatives. Moreover, it is worth noting that the destruction of the OHdis-induced derivatives is system dependent since the highly reactive species are system dependent.
Thereby, one needs to measure the destruction of the OHdis-induced derivatives each time for different plasma-liquid systems.
